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Four Principles for Designing Instructions
ABSTRACT

This paper gives four principles for preparing multimedia instructional
sequences, and, where necessary, the experimental methoas for applying the
principles successfully. It also qescribes the empirical experiments on which
the principles aré based. érinciple One is a criterion for qood terminology for
unfemiliar objects, actions, ana situations, with methods for deriving such
terminology. Principle Two tells how to overlap visual and spoken elements in
time (as in a movie or lecture with slides) in order fof good associations to be
formed. Principle Three states that aivision of instructions into conceptual
units should be in agreement with people’s natural conceptualization. Here, a
method is presentea for finding the natural conceptualization. Finally,
Principle Four regards mixing audiovisual instruction with hands-on practice in
learning a procedure. These principles should bde wuseful 1in a variety of

situations.
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Four Principles for Designing Instructions

Introduction

This artic\g contains four principles for designing wmultimedfa
instructions. By multimedia is meant visual and verbal materfal (such as a film
or a text with filustrations) ana actual practice. The instructions we have
focussed on are for assembly of physical objects, but the principles are not
restrictea to application only in assembly. |

The first principle deals with how to construct terminology for use with
unfamiliar objects, actions, or situations. The second principle is how to
overlap visual ana spoken material in time, in order for good associations to be
made. The third principle tells how to aivide ihstructional'aaterial into
conceptual units. Ana the fodrth deals with mixing audiovisual instruction with
hands-on practice.

Principles one through four are in general both task- ang
subject-dependent. For example, the right terminology depends on the task or

the material presented, and on the verbal abilities of the subjects. The amount

of hands-on practice could depend on subjects' manua) dexterity and experience

with similar kinds of tasks.

For the principles which are subject- or task-dependent, we present here
the gxperiuental methods yhich one can use to determine subject ana task
paraweters. For example, in Part I we present an experimental method of how to
develop terminology which is adequate for a task and for subjects who will
perform the task. In Part IlI we present an experimental method for the
division of wmaterfal 1hto conceptual units. It is again task- ana
subject-dependent.

In some cases we can suggest general principles, namely, specific do's ana

don‘t’'s that should apply to any task and any group of subjects. For example,
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in Part 11, a visual presentation should precede or be in synchrony with the

related spoken presentation, and not follow it. The general principles which we
present have been derived from empirical experiments, or are consistent with
what we know from the experiments.

Part I: ‘Developing Terminology

S

o

The Principle: The criteria for gooa terminology to use with unfapiliar

objects, actions, or situations are that the terminology:

(a) be natural, so people with no experience can use it;

(b) be short, so that in a verbal communication, only a few words of
description are needed;

(c) be well remembered; and

{a) form a classification system. That is, names of objects should contain
generic terms and, when necessary, one or more modifiers.
We give here the experimental methoa for deriving terminology which meets

the above criterfa. Part of the method is described in detail in [1]. It is

extended and improved here.

The method for creating good names for unfamiliar objects is an iterative

procedure with three steps:

Sieg_ _1_ Names are generated for each of the objects by a group of subjects.
it_eg _g_ From the names generated by subjects, the experimenter rhooses a subset
of the names, according to the following criteria: (1) the modal name is
chosen, namely, if a particular ru‘ue is generated more often than others, it f{s
chosen; (b) shorter names are preferrea; and (c) the names chosen stay within
the classification system provided by the subjects.

_S_tzgi - How gooa the names are is tested by measuring, first, how well people
can match the names with the objects they describe, and second, how well they
can recall the names, given the objects.

Steps 2 and 3 can be iterated: If a given name {s poorly matched or
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recalled, it can be replaced by another generated name and tested again. ‘
In our experiment, the items to be named were the 48 gifferent pieces from
the Fischer-Technik 50 assewbly kit. One such piece is shown in Figure 1. It
is red plastic, with an actua) size of 15 x 15 x 7.5mm (.6 x .6 x .3 n). Ve 5
show here how it was named.

L LT L L PPy Sevoaccntacaeaonas

Insert Figure 1 about here

R W e -

In Step 1, fourteen peome1 named it as follows: red H block, all purpose

joint, universal connector, X-joint, H piece, universal connector, H joint, :

holder, universal frame connection, 1large block connector, flat grooved

connector (female), red , flat bracket with grooves, block 2.

These names were formed into a graph, as shown in the uppér panel of Figure
s 2. The graph has nodes containing the different words.

e, .
2 VS S S R V.
.

It also_has directed Yinks, from A to B, for al) cases when two words, A and B,
were given consecutively in a name, with A preceding B. There are also start
and end nodes. The number of times a particular wora wac used {s given 1in
parentheses under its node, for all words used twice or more.

One has options in forming the graph. For example, one can decide to form
grammatical categories, so that "block" can occur on the graph as both adjective
and noun. (We dia.) One can decide to collapse the nodes “grooved” and “with®

v and “"grooves” into one node, “"grooved". (We did.)

From this graph, a composite naming diagram was formed, as shown in the

Yower panel of Figure 2. It is a subgraph consisting of all nodes with woras
mentioned at least twice. (How many times a word must be wentioned in order for
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it to appear on the composite naming diagram is determined by the experimenter,
depending on the number of subjects run and the varfety of words. We chose
two. ) |

From the composite diagram, a name was chosen, using the guidelines of (a),
(b), (c), and (a) above. Names suggested as candidates from the diagram were:
block, rea H block, red H joint, H block, H joint, flat grooved connector, and
universal connector. These were only suggestions; the experimenter could
Choose as a name any shortened name (e.g., red block, grooved connector) or any
name formed from unlinked combinations of modifiers and noun (e.g., universal
block, flat H joint). MNe chose the name red H joint for iteration 1.

In a similar manner, a name was selectea for each of the other 48 pieces.
These are called iteration one names. The 48 iteration one names were used to
begin the iterative procedure. That is, they were tested ( using new subjects)
for matching and recall. In scoring the matching and recall tasks, the errors
clearly indicated misleading names. These names were changed for the next
iteration. Usually a new name from the composite naming diagram was selected.
Sometimes, when the composite naming djagram did not suggest a new name, more
subjects generated names for the piece(s), and a new name was chosen from the
new composite naming diagram.

If a new name involved a change in category for a piece !as “strip" to
“rail® or "plate" to “platform"), names of all other pieces in that category
were changed to the new one.

The names for the piece in Figure 1 were red H joint, grooved H joint, anag

H Joint for fterations 1, 2, and 3 respectively. (The manufacturer's name for
it is builaing block 7.5.)

Percentage correct for the 48 names on matching and recall, and the average
number of words per name, are given in Table 1 for each of the three fteratfons,

and for the names appearing in the manufacturer's instruction booklet. Table 1
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shows that 1in general, as iterations progressed, names became shorter and were
better matched with their physical referents ana better recalled. A1l groups
with subject-derived names (iterations 1, 2, and 3) substantially outperformed
the group with the manufacturer's names.

The number of iterations needea to derive the names will probably vary with
the items to be named. In our study, only three iterations were usea because
the score on the matching task on iteration three was nearly 100% and therefore
could not be significantly increased.

This technique to derive good names has two nice propertfies:

(1) It gets around the problem of having to specify what should (always) and
should not (ever) be included in a name. For example, it does not specify if
color, size, or shape should be included.

(2) It is subject-ariven. The names elected will probably reflect subjects'
linguistic abilities and preferences.

A feature of a piece is a part of the piece which needs a name in

instructions for assembly. Examples are knob, groove, teeth, and slot. These

names were derived as follows.

The same methodology used for the naming schema (but without the

iterations) was used. That is:

(1) Subjects generatea names for the features.

(2) New subjects were given the feature names ana rankea them according to
their preference.

(3) The feature was given the name which was most preferred.

Here is an important finding: In most cases, the most frequently generated
feature name got the most first place votes (or the highest mean rank orderina).
But in a few cases, a less frequently generated name won. This means that,
although people cannot necessarily generate the most preferred name, they can
nevertheless recognize 1t.
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To derive descriptions of actions requirea to join pieces, a similar

methodology was used:

1. Subjects learned the names derived above for pteces and their features.

2. They studied diagrems ana sctua) pieces ’n each of two states, unassembled
and assembled.

3. They went through the action with the actual pieces, from unassemblea to
assemblea, five times.

4. They wrote down what they did in the form of instructions.

These data showed that of the three parts necessary for a full description,
that is, (1) initial condition; (2) action; (3) final condition, about 1/4 of
the subjects describea (1) ana (2), leaving (3) unspecified, and about 3/4 of
the subjects describea (2) and (3), leaving (1) unspecified. We do not know at
the present time which elements of the action descriptions will give the best
learning results. We also do not know if the most frequently generated verbs
used to describe the actions are the most preferred.

We have given the methodology to derive names for pieces, feature names,
and actfon descriptions that ought to be easily matched with their visual
counterparts. This methodology has alrea&y been successfully applied in other
situatfons ([2) and [3]) where rnaing schemas are needed, and it ought to be
useful in new situations as well.

The first principle, then, states the criterfa for a go0d systein of
terminology. And the methodology to derive such terminology fs given.

Part I1: The Correct Temporal Overlap of Visual ana Spoken Elements in a
Presentation

The Principle: In order for gooa associations between the visual ana

Spoken elements in a presentation to occur, the visua) part should precede, or
be in synchrony with, the spoken pai >, ana not follow ft.
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This general principle does not require additfonal experiments for its
implementation. It can simply be used as stated.

We describe briefly the expefiment we performed, from which we derived the
principle. A full version of the experiment is qiven in [4]. A relatea
experiment, using educ?tional material, is in [5].

Fourteen groups of subjects were shown a thirty minute film which
introduced the Fischer-Technik 50 assembly kit, its pieces, their names (the
iteratiqn three names derivea above), ana some of their uses. The film's
visuals and narration could be presentea in synchrony, or one could be shiftea
relative to the other up to 21 sec.

Subjects saw the film in one of seven versions: visuals moved relative to
narration by -21, -14, -7, 0 {synchrony), 7, 14, or 21 sec. They were testea
immeaiately or after seven days for recall of the names, qiven the pieces. The
hypothesis was, the higher the recall, the better the associations.

The results are illustrated in Figure 3. Scores were highest immediately

LY L T LY YR L Xy

ana after seven days for two groups:  synchrony and visuals 7 sec before
narration. On the immediate test, each of the other five grouns scored about
80% of the highest groups. On the test after seven days, the other five groups
scored differently: the three narration-first groups performeda about 30% less
well than the two visuals-first groups. (The statistical analyses, and a
theoretical interpretation of the results, are given in [4].)

The temporal order in which visual and auditory elements were presented
differentially influenced the formation of visual-verbal associations. When
visuals precede narration by up to 7 sec, recall is as good as when visuals and

narration are 1in synchrony. When narration precedes visuals by 7 sec or more,
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much of the narration is lost, especially after a delay.

To repeat, then, the principle of how to overlap visual and spoken material
in time, 1n order for good associations to be formed, is: The spoken material
should follow, or be in synchrony with, the visual image, and not precede it.
The correct temporal overlap of visuals and narration should not be restricted
only to films. It shoula hola as well for illustrated lectures, sliage shows,
written text with pictures, etc. One should present the visual part early, or
simul taneously with the text. Show first and tell second, or show and tell in
synchrony, but do not tell first ana show second.

Part llli Dividing Instructional Material into Conceptual Units.

The Pri.ciple: Decompositicn of instructional material into conceptual

units should be in agreement with people's natural conceptualization of the
task.

In order to implement this principle, three steps are required:

1. Find what the natural conceptualization of a person is.

2. Find if different people conceptualize uniformly (If they do not, probably
aifferent conceptualizations of the material are required for different people.)
3. Arrange the material to be presented according to the subjects'
conceptualization.

Below, we present the experimental methods for steps /1) anc (2). Namely,
we present first the technique for finding an individual subject's
conceptualfzation. We then present the technique for determining if subjects
conceptualize uniformly, and for constructing a composite conceptualization for
a population of subjects. (Step two requires extensive programming.)

Step 1: Finaing the natural conceptualization of an individual.
We outline here a methodological schema to find how people divide an object

into subassemblies, that is, how they conceptualize it, from the order in which

they use the parts in the construction of the object. The assumption we are
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making can be illustrated by a simple example. If, in joining four pieces, A,
B, C, and D, a person consistently joins A and B, and then C and D, and then
joins the two subassemblies, it is expected that in a aivision into two parts,
the person has the concepts (AB) ana (CD).

The methoa used s to have a person ask for pieces one' ét a time for
assembly, and to record the order of request. It has the following underlying
hypothesis: In assembling an object from a model or other input, the person
conceptualizes the object to be built, and then asks for parts, grouped together
according to the conceptual division.

These data are easy to gather, even for complex objects. We will show data
from an object (the toy helicopter shown in Figure 4) consisting of 54 pieces,

but we estimate that substantially more pieces 4o not create

a problem. The data analysis is also straightforward. It consists of three
parts:

1. An assembly object is drawn as an abstract graph whose nodes represent
pieces and whose edges (1inks) represent connections. (This representation can
be used on 221.assemb1ed object, not just Fischer Technik.) The abstract graph
of the helicopter shown in Figure 4 is given in Figure 5.2 Nodes in Fiqure 5

are numbered 1 through 54, to correspond to specific pieces in the helicopter.

--------------------------

2. A distance between nodes on the graph is introduced, based on how closely
the requests for the different pieces are. (For example, {f a person requests

piece 10 fifth and piece 11 ninth, the distance between pieces 10 and 11 is|§ -
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9|=4.)

3. A cluster analysis is performed, and the clusters are used as hypothetica)
conceptual units of the person building. Each node is put in a cluster with its
closest connectea neighbor. An example is given in Figure 6 by the thin solid

lines on the figure. Then each cluster is put in a

higher-order cluster with its closest connected neighbor. These are the dotted
lines on the figure. Each of these is put in an even higher-order cluster (the
heavy solid lines on the figure). The process is continued until all clusters
fall into the same higher order cluster.

This analysis yields a hierarchical tree, which is the hypothetical natural
conceptualization of the object by an individual.
EEEE.E: Finaing if aifferent people conceptualize uniformly.

Below we give a method to determine how aifferent conceptualizations from

different people, and from one person on different trials, are. That is, are
they minor variants of the same conceptualization, or do they form different

categories? We demonstrate the methoa 1in the context of the experiment we

conducted.

Sixteen people built the helicopter five times, once every other day. A
physical model was used as a guide on each trial. Each time, the subject was
required to request each piece separately, ana the order of request was
recorded. A person's conceptualization of the helicopter was derivea from the
order of requests, as described above, using a computer package ([6]).

Among the 80 trials (16 subjects x 5 trials each), a1l conceptualizations
were different. The questions we were able to answer were:

1) Can different conceptualizations be treated as varfants of one
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conceptualization, or do they form different categories?
2) How does the conceptualization presented in an instructional film we are
using compare with subjects' conceptualizations?

The method used was a cluster analysis of the 81 trials, including the

conceptualization from the film. The distance between trials is described in
the Appendix.

The main result is that the population of trials diviaded 1into one 1large

cluster of 66 cases, and three others, having 11, 2, ana 2 cases respectively.

}: The conceptualization presentea in the instructional film went into the largest j
1 cluster.

For a composite graph, the average distance between nodes is computed. The

composite conceptualization from the 66 cases is shown in Figure 6.

i Our major finding is that over 807 of the trials (66 of 81) fall into the

’ . same cluster. This finding is important for individualized instruction. When a

collection of trials splits into many aifferent clusters, it means that
different people conceptualize aifferently, and that one person conceptualizes
differently at different times. That indicates that in order to improve
performance, instructions need to be tailored specifically for a person in a
given situation. The fact that 80% of the trials fall in one cluster indicates

that, at least for the subject population testea and the nbject huilt here, one

e g S

set of instructions can cover a majority of people. (We have obtained a similar

result using a different, more complex, object in another study. There, the

majority cluster contains 70% of the trials.)

f The fact that the conceptualization from our film (usea in Part 1IV) falls

. into the largest <cluster means that it follows Principle 3. Its

y conceptualization is the same as that of the majority of the people who will be

1 % ) instructed by it.

In Part 111 we have given the principle (to be testea in future work) that
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the conceptual units given in instructions should conform to people's natural
conceptualization. Ana we have given the wmethodology to fina if people
conceptualize uniformly, and the technique for constructing a composite

conceptualization for a group of subjects.

Part 1V: Learning a Procedure from Multimedia Instructions: The Effects 2£

Film and Practice.

The Principle. For good retention of a procedure to be performea from

memory, the arrangement of an instructional sequence consisting of film ana

practice should be practice first ana film second. This is a rule of thumb, to

be used when no information is known about the person being trained. When
variables such as manual dexterity and experience with similar tasks have been

assessed, a training sequence differing from practice first, fiim second may be

better for a particular indiviaual.

We present here a summary of the experiment on which we base the principle.
The details are in [7]). A related study, using only pictures and text for
instructions, is in [8]. '

Different modalities of instruction (film versus practice), daifferent
amounts of the two, ana different orders (film first or practice first) were
given to people in the experiment. By practice we mean that people built the
object with a physical model sitting before them as a guide. The object to be
assembled was the 54 piece helicopter shown in Figure 4. The 12 groups, their

instructional sequences, and their time of test, are given in Table 2.

The instructional film, shot by Jawes Otis, was 15 min long, in color, ana

narrated. The conceptual units presentea in the film were the same as those of

the majority of the people who built the helicopter from a2 model, {in the work
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i
presented in Part Ill.

After the instructions, including practice where appropriate, each person
was required to build the helicopter from memory, efther imeoiaiely or after 2
one week delay. Note that the four groups instructed by film alone dig not have
hands-on practice during training. Th2y built the helicopter only once, frem
memory. All other groups built the helicopter at least once aduring training,
using a wodel as a guide. They built it again, this time from memory, during
the test trial.

Performance on the memory trial was assessed as follows: The abstract

graph of each helicopter built from memory was drawn. The number of correct

connections it contained was the dependent measure. {This assesses the

‘ similarity in structure of the helicopter built from memory and the correctly

PR

‘- built helicopter.) There are 58 connections in the correctly built helicopter
(as can be seen in Figure 5), so the range was 0 to 58.

The results are given in Table 3. For convenience in talking about the

groups, we abbreviate film by F and model by M. For example, the groups who,

during training, saw the film first and built the model s~cond, *re abbreviated
M.

A Newman-Keuls procedure was used to test differences between pairs of
means at zero delay. (See (9].) A separate procedure was used for 7-day delay.
The groups who buflt the helicopter immediately after their instruction line wup

. statistically as follows with respect to their performance from memory:
MM =MF =FM>FF=M>F,

This result means that some practice is qood during instruction, either building

twice or building once and seeing a film. (Orger of practice ang film does not

po © B0 PNIN
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matter when performance is tested immediately.)
After a seven day delay, the lineup of the groups is aifferent:
M >MM=FM=M=FF>F.

A1l groups are depressed to about 50% of their scores when tested immediately,
except for one, tﬁe group that builas first and sees the film second. Its
performance after a week is 30.3/46.7 = 65% of its performance at zero delay.
Retention of a procedure to be performed from memory is clearly highest in this
group. In general, when a person builds first and then sees a film displaying
conceptual units, with names, second, his or her performance is best.3

However, individual aifferences in performance within a group were very
great. For example, scores could range from 0 to 58, and an actual range in a
single group of 2 to 56 was common. The average standard deviation fn a group
was over 20%.

This finding Teads us to conclude that the right training sequence for a
procedure that is to be performed from memory varies, depending on thé
indivigual. And this brings up the question of inaividualized instruction. A
goal of our future research is to discover what individualized instruction
shoula contain. Specifically, should instruction be individualizea simply by
varying the amount given to different people, depending on their experience or
ski11? Or shoula it be individualizea by giving aiff-rent -odalities, or
modalities in different orders, or different conceptualizations, etc.? A second
goal of our future work is to develop a small number of brief tests which can be
easily given to subjects. Performance on these tests would be used to (a)
preaict performance as a function of instructions; anda (b) assign a persom to
an appropriate instructional sequence.

Until such tests are available, we recommend that a person's performance be

testea after practice, after film instruction, and after various amounts and

combinetions, to see which gives optimum results. If such testing is not
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possibfe. the instructional sequence shoula be practice first ang film W.
Final Remarks s X
The four principles presented in this paper were derived ‘fro'a and tested on
primarily assembly tasks. Their generalizability to other types of tasks, for
example, npai’r tasks, programming, use of new equipment, etc., should be tested

experimentally. . The wmwethodologies given here can be easily modified for
Studying the tasks mentionea above..
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Footnotes

This research was supported by the Office of MNava)l Research Contract
#M00014-78-C-0433, NR 157-422. This paper 1is Technical Report #121 of the
Institute of Cognitive Science, University of Colorado at Boulcgr.
1. In this and a1l other experiments rgporteo. the subjects were students
enrolled 1in  introductory psychology at the University' of Colorado who
participated as part of a class requirement.
2. The connections to be considered can be set for each analysis. Here we
consider only physical connections. There are 58 in the helicopter. We could
have considerea as many as (??) = 1431.
3. In our experiment, we put a 1imit on the type and amount of {instruction.
The theoretical rationale for this is gqiven in [7]). When iLhere is no such
1imit, Yonger sequences, such as practice first, film secona, practice thira,

might prove even better than the arrangement suggested here.

P
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Figure Captions

Figure 1. A piece from the assembly kit. Its actual size is 15 x 15 x 7.5mm
(.6 x .6 x .3in).

Figure 2. Upper panel: A graph of the 14 names generatea for the piece shown
in Figure 1. The nodes contain the dqfferént words. The links a}e
directed from A to B, for all cases when two words, A ana B, were given
consecutively in a name, with A preceaing B. The number of time a
particular word was used is given in parenthe#es under its node, for all
words used twice or more. |

Lower panel: A composite naming diagram. It is a subgraph consisting
of all nodes with words mentioned at least twice. Names for the pfiece in
Figure 1 suggested as candidates from the diagram are: block, reda H block,
rea H joint, H block, H joint, flat grooved connector, and universal
connector.

Figure 3. Percentage correct on recall of names, given the pleces, as a
function of degree of asynchrony between the visual and spoken material in
the film, and delay between the film and the test (zero- or 7-day).

Figure 4. A toy helicopter built from 54 pieces of the Fischer-Technik 50
assembly kit. |

Figure 5. An abstract graph of the toy helicopter shown in Fiour~ 4. The nodes
represent pieces in the helicopter, and the 1links represent physical
connections.

Figure 6. The composite conceptualization of the helicopter from the majority
group (66 of 81 trials). The methoa for obtafning this afvision into
conceptual units is given in the text.

Figure 7. Pieces p) and py occur in conceptualizations T; and TJ as shom. In
T‘. Py @nd p, are in the same first order cluster, so that their height

equals one. In Tj. they are in the same second order cluster, 3o that
their height equals two.
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Appenaix

There are two steps in doing the cluster analysis on a group of
conceptualizations. Both are done using the computer package in (6].
1. Find the distance between all pairs of conceptualizations;

2. Do a cluster analysis on the space of all pairs of conceptualizations, with
distances aefinea from step 1.

The details required for each step are given helow:

1. The aistance between conceptualization on two trials Ti and 13 is aefined as

follows:

It is the sum (over all 58 connected pairs of pieces in the helicopter) of the

oifference in height in a conceptualization necessary to put a connected pair in
the same cluster.

Here is an example. Consider a pair of connected pieces pp ana p,.
Suppose they are placea in the conceptualizations of Ti and T& as shown in
Figure 7. In conceptualization Ty, p; and p, are in the same first oraer

cluster. Their hefght = 1. In conceptualization Tj. P, and p, are in the

same second order cluster (dotted). Their hefght = 2.

The distance between the pair of pieces (91'92) in conceptualizations T1 and TJ
is the difference in their heights, 2-1 =1.

The distance between T, ana '5 fs the sum (over all 58 patrs) of these

agistances.
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2. A cluster analysis is done on the conceptualizations, with each one put in 2
cluster with its closest connected neighbor [as described in Part 3).
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Table 1: Percentage Correct on Matching and Recall, and Average

Number of Words per Name, for Each of Four Groups

percentage percentage average
correct: correct: number of
matching surprise wordas per name
recall*

group given 59.89 27.25 2.94

names from

manufacturer

group given 89.20 48.64 2.75

jteration 1

names

group given 93.92 48.60 2.81

iteration 2

names

group given 96.23 50.72 2.60

jteration 3

names

*No variation was scored as correct. For example, for the triangle joint, the

name triangular joint was scored as wrong.
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Table 2: Experimental Groups for Mixing Modalities in Instruction

stimulus 1

stimulus 2

test

test

see build see build  --ee-c ceean
film from film from
model mode)
build see see build see buila
from film film from film from
mode) again model model
again

(immediately, for 6 groups) buila helicopter from memory

(after 1 week, for 6 groups) build helicopter from memory
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